SUMMARY. The bond behaviour between FRP and concrete elements is investigated, starting from available experimental evidences, through a calibrated and upgraded 3D mathematical-numerical model. The complex mechanism of debonding failure of FRP concrete reinforcement is studied within the context of damage mechanics to appropriately describe transversal effects and developing a realistic study of the delamination process.
INTRODUCTION
In these years the interest for FRP (Fiber Reinforced Polymers) applications in civil engineering structures is grown thanks to a series of aspects: fast and easy application of the fibers, low cost of interventions, etc. Externally bonded FRP sheets are currently used to repair and strengthen existing RC structures for shear [1, 2, 3] and flexural [4] applications. A problem of such a technique is the brittle fracture mechanism, depending on e.g. load level, concrete characteristics and rigidity of adhesive and FRP plate. Many experimental and analytical studies have been undertaken to understand the bond behaviour between FRP and substrate (e.g. [1, 5, 6] ), and its current comprehension is generally related to semi-empirical 2D approaches. However two-dimensional interface models based on fracture and contact mechanics and on the evaluation of the energy release rate [7] describe well delamination mechanisms.
The present work proposes to investigate the bond behaviour between FRP and concrete elements, starting from already available experimental evidences to appropriately calibrate the mathematical -numerical model chosen for the simulation of the above phenomena, within a 3D domain. In this way transversal effects can be described allowing for a realistic and comprehensive study of the delamination process. Particularly, it is here proposed to study the complex mechanism of debonding failure of FRP reinforcements within the context of damage mechanics, appropriately enhancing the potentialities of the F.E. code ABAQUS, which allows for developing geometric nonlinear and changing-status analyses, by supplementing it with a numerical procedure accounting for a scalar damage law inside the contact algorithm. It will be shown that such an approach is able to catch delamination and its evolution during the loading process by means of the comparison between numerical and experimental results [8] .
NUMERICAL MODELLING OF DELAMINATION PROCESSES
A realistic numerical modeling of debonding within the FE context requires to implement damage laws in the contact conditions, being the contact algorithm alone not sufficient to catch the triggering of delamination and its evolution. Indeed the contact method is characterized by the conditions of contact or no-contact but the behaviour in the transition state is generally treated with a Coulomb friction procedure, hence getting a softening response is not possible. Again, the necessity of developing an upgraded contact procedure to model bonding-debonding processes is supported by experimental evidences, as reported in the following. Delamination normally affects a thin layer of concrete, as the adhesive strength is typically much higher than the concrete tensile strength. Hence concrete cracking usually occurs in the superficial zone close to the interface only: this cracking due to debonding has been taken into account in the numerical model by means of the contact-damage model at the interface.
Contact conditions
The interaction between concrete and FRP can be represented through three steps. In the first step the shear stress at the interface is lower than the shear strength, and the FRP sheet (body A) is bonded with concrete (body B). Hence the contact surface is defined by:
with maximum dimension Γ C = Γ C max . The second step starts when the shear strength is reached and slip occurs. Stresses approach zero following the softening curve produced by applying Mazars' damage model (see below). The contact surface is variable 0 < Γ C < Γ C max . The third step is characterized by complete debonding and Γ C = 0.
Mazars' law
An isotropic damage law is here considered, based on the definition of a scalar variable D. When D = 0 the material is virgin whereas, when 0 < D < 1, the material is affected by damage, up to D = 1 corresponding to complete damage, i.e. fracture.
The evolution of damage D = D( ) according to Mazars depends on the strain level and it is defined by
where A and B are material coefficients, 0 is the limit linear elastic strain, ( ) the equivalent strain and K 0 the initial value of the softening parameter. The reader is referred to [9, 10] for additional details. A 1D scheme for the proposed approach (applied to any direction) is shown in (Figure 1 ), where the elastic-damage feature of the model is referred to the adhesive layer, serving as the effective contact layer. Hence, the spring is elastic until a deformation limit 0 is reached and D = 0, then > 0 and damage becomes different from zero. The contact-damage model has been implemented using a fortran routine and linked to ABAQUS; the subroutine determines the 3D damage at each step and allows for the occurrence of sliding between the contact elements if D is different from zero.
Concrete constitutive law
A Drucker-Prager constitutive law has been assumed to model the non-linear behaviour of concrete in compression and tension, which is computationally efficient and whose results are not dependent on the mesh characteristics. The failure surface in the (t, p) plane is described by
where t is the deviatoric stress, β the friction angle, d the cohesion and p the hydrostatic stress component.
AVAILABLE EXPERIMENTAL DATA AND NUMERICAL ANALYSES
The experimental results used to validate the numerical model and check its effectiveness have already been published in [8] and are briefly recalled here for reasons of clarity. Effective bond length, maximum bond/shear stress and slip values were experimentally measured and used in [6, 8] to propose new empirical formulas for such parameters, taking into account the influence of FRP stiffness. Failure modes were observed and curved fracture lines were detected in a number of specimens; hence the FRP deformation was found not to be constant along the transverse axis, showing a maximum in the middle of the bonded zone and a minimum at the edges of the FRP strip, as also reported in the following.
The modelled situation is depicted in Figure 2 (a) , where the two prisms of concrete are connected through the FRP strip only; hence the strip is subjected to traction alone, whereas bending effects are negligible. Hence, such a schematisation exactly reproduces the situation in which a crack (or a series of cracks) is surrounded by unaltered concrete material (Figure 2 (b) ); in this way the scope of the analyses is not to define and characterize the cracks' triggering and evolution but to simulate the concrete-FRP behaviour once a crack has started. These observations supported the need of developing an appropriate three-dimensional numerical modelling for a better understanding and simulation of the bond behaviour between FRP and concrete. A similar approach has already been followed by e.g. [11] through a smeared-crack model, with the aim to catch the load-carrying capacity and failure behaviour of RC beams reinforced in flexure with a FRP sheet.
The typical double shear test has been reproduced through a 3D model; (one-eighth only is represented due to symmetry), the constitutive Drucker-Prager law is assumed for concrete elements, and for the FRP elements are assumed to behave in a linear-elastic manner, possibly undertaking large strains/displacements. Surface-to-surface contact conditions have been applied between FRP and adjacent concrete including the enhancement given by the strain-softening law according to the chosen scalar damage model. The procedure has been introduced to describe the coupled behaviour between concrete, FRP and adhesive resulting in specific bonding-debonding features under different load levels.
It is here briefly recalled that the delamination process is characterized by three states under continuous increase in the applied load level: in the first (state 1), cracks start in the FRP zone subjected to maximum shear: an increase in traction on the fibers induces an increase in shear stress at the concrete-FRP interface until the stress peak is reached and a micro-debonding occurs; as evidenced by (Figure 3) , up to 40% of the maximum applied load (ML). In the second state the interface is subjected to both an increase in stress and softening (where a peak has already been reached), so that the stress peak moves from the cracks' triggering point towards the FRP's unloaded part causing a micro-debonding propagation. Under certain load levels (higher than 40%ML), the slip reaches its maximum value and stresses fall to zero, giving rise to the process of macro-debonding. The third state refers to complete debonding and the phenomenon eventually propagates in an instable manner: the final debonding depends on the cracking scheme characterizing the substratum (95%ML). The stress distribution across the FRP plate follows a parabolic-type shape, in agreement with what obtained in the experimental tests [8] . The stress-strain relationship at the interface is typically an elastic-softening one, in agreement with the implemented damage law for the contact algorithm.
In the following the main numerical results are compared with the available experimental evidences; numerical shear stresses (Figure 4 ) decrease more rapidly along the fiber plate than the experimental ones but both the bonding length (the length along which the bond stress is not zero), the curves' shapes and the peaks are respected. However it is to be said that experimentally strains only can be measured and corresponding stresses are calculated using a linear elastic theory, whereas numerical shear stresses take into account for nonlinear elasticity. In Figure 5 the comparison between numerical and experimental slip curves is shown, slip calculated in agreement with [8] ,
starting from the values of the numerical strains and then performing a finite difference procedure. It should be observed [5] that the experimental values of the axial strains of the FRP sheet, from which the experimental values of the bond stresses were obtained, were measured with closely spaced strain gauges. This method cannot produce accurate local bond-slip curves because the axial strains measured on the thin FRP plate generally show violent variations as a result of the discrete nature and the heterogeneity of concrete and the roughness of the underside of the debonded FRP sheet. The diagram shear stress versus slip ( Figure 5) gives information on the fracture energy, being [6, 12, 13] : Figure 5 : Shear stress versus slip under 40%, 68% and 95% of the maximum applied load.
Considering a discrete interval of data, the fracture energy takes the form
Under a load level of 68%, when delamination starts, the fracture energy curve versus ∆s i = (s i+1 − s i ) has the shape depicted in (Figure 6 b) , with reference to the shear stress-slip diagram (Figure 6 a) ; the typical S-shape of the work G II of the shear tractions acting at the interface through the crack face displacements (when the energy release rates and mode decomposition approach is followed [7, 14, 15] ) is reckoned, giving additional support to the proposed approach. Anyway, mixed modes as well as stiffness of the interface are not investigated here being out of scope of the present paper. As already discussed, such a 3D numerical model was additionally able to catch transversal effects during debonding, in agreement with the experimental results ( Figure 7) ; particularly, the distribution of maximum strain across the interface follows the crack patches revealed after failure of the sample. By taking two reference control points (Figure 8 b) , one in the middle and the other on the edge of the FRP strip, it is possible to evidence (Figure 8 a) that, under a fixed load level, the deformation at the middle position is sensibly higher than at the edge up to sample's collapse; again, during the loading process, the strain curves start diverging until a nearly instantaneous intersection, taking place at end analysis when the FRP has completely debonded. This means that when using a 2D plane stress state approach, which necessarily assumes a constant stress distribution along the FRP width (not in agreement with experimental evidences), the stress resultants are overestimated; as already evidenced, the maximum stress difference between a middle and an edge point on the FRP is of about 12.5%, hence requiring an adjustment in the FRP's dimension assumed when performing 2D analyses. An equivalent FRP width could be obtained simply through equilibrium conditions for the shear stress resultants (Figure 9 )
The reduction in width is estimated as B /B = 7% Figure 9 : Integration scheme.
CONCLUSIONS
The bond behaviour between FRP and concrete elements has been here investigated, starting from available experimental results, through a calibrated and upgraded 3D mathematical-numerical model. The system has been proposed as composed by three different physical layers: the concrete base, the adhesive layer and the strengthening bonded FRP strip. The adhesion between layers has been modelled by means of an interface model whose elastic-damage constitutive law relates interlaminar stresses acting in the sliding direction. The F.E. ABAQUS code has been supplemented with a numerical procedure accounting for a scalar damage law inside the contact algorithm. Comparing the numerical results with those of a wide experimental investigation it has been shown by such 3D model that FRP deformation is not constant along the transversal axis but has a maximum in the middle of the bonded zone and a minimum at the edges of the FRP strips. This behaviour confirms experimental evidences and hence demonstrates the suitability of the proposed approach to capture the mechanism of debonding failure of FRP reinforcements and to catch transversal effects for developing a more realistic and comprehensive study of the delamination process.
